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A B S T R A C T
Due to the huge amount of energy induced from earthquakes, such natural hazards usually
represent the most significant threat on existing and new buildings. Recently, a lot of con-
siderable efforts were dedicated to design buildings capable of withstanding earthquakes’
ground motions by utilizing lateral resisting elements, such as reinforced concrete shear
walls, cores, frames, and steel bracing. Contrasting the experience gained from the previ-
ously designed guidelines and provisions for lateral resisting systems, recent studies illustrated
that the existence of lateral resisting system in low-rise buildings is essential in order to
resist groundmotions.As such, some endeavors are directed to reinforce old buildings against
seismic loads.This paper focuses on investigating the efficiency of using Carbon Fiber Polymer
(CFRP) sheets on the behavior of beam–column connections considering a cantilever beam
with concentrated load at its free end. In addition, to complement the published data, finite
element model using the computer package ANSYS was used. The additional beam–
column connections in this study are classified in 4 groups (A, B, C, and D) depending on
the percentage of reinforcement at the bottom and top of the beam (%As). The efficiency of
using CFRP was concluded; the CFRP sheet improves or decreases the efficiency of beam–
column connection depending on %As in the beam. The paper investigates the influence
of boundary condition, columns as hinged supports, and the efficiency of using CFRP. It is
concluded that the CFRP sheet improves or decreases the efficiency of beam–column con-
nection depending on %As in the beam.
© 2016 Beni-Suef University. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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1. Introduction
Structures collapse due to the failure of beam–column con-
nection under the effect of the seismic actions in low-rise
buildings which happen due to the absence of lateral resist-
ing system (3–4 stories). In this case, framing action between
beam and column is the only path to dissipate the earth-
quake (EQ) energy, which is a significant matter when
such connection is not designed to withstand such energy
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considering a hinged support. This research studies the effect
of using Carbon Fiber Polymer (CFRP) sheets to repair beam–
column connections.
Robert and Prince (2010) presented an effective rehabilita-
tion strategy to enhance both the strength and the stiffness
of the beam–column connections, in which analytical models
using the computer package ANSYS were proposed. These
models consisted of three types: C1 (IS 456–2000) which is not
designed to resist EQ, C2 (IS13920:1993) with increased stripes,
and finally C3 (IS 456–2000) to retrofit with CFRP sheets. Finally,
beam–column energy absorption capacity as specified in CODE
1993 varied from 42% to 89%, to be higher than that as per code
(IS 456–2000). On the other hand, the retrofit of beam–column
connection using CFRP sheets increased its energy absorp-
tion capacity by about 114.29%, when compared to the
corresponding beam–column energy absorption capacity as
specified in CODE (IS 456–2000).
The results of the experimental program (Al-Salloum and
Almusallam, 2014) established the effectiveness of CFRP sheets
in repairing and upgrading deficient exterior beam–column
joints. The results of CFRP repaired specimen were compared
with those before repairing the specimen, and in general the
specimen showed a great improvement in shear resistance, and
ductility of the RC joint CFRP sheets was observed. The CFRP
repaired exterior joint had failure due to deboning. It was ex-
amined and observed that at higher stages of loading there was
Fig. 1 – Solid 65 element (Swanson, 2007).
Fig. 2 – Uniaxial stress–strain curve for concrete model
(ACI, 1997).
Fig. 3 – Link180 3D Spar (Swanson, 2007). Fig. 4 – Stress–strain curve for steel reinforcement.
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Fig. 5 – Shell 181 element (Swanson, 2007).
Fig. 6 – Illustration of basic model idealization.
Fig. 7 – Meshing model with a hinged support, top and
bottom.
Fig. 8 – Longitudinal steel, stirrups steel for beam–column
connection.
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significant yielding in beam reinforcing bars that allowed cracks
to widen in the beam region, which in turn ultimately spread
to the CFRP sheets. The main point in this research study is
that when using CFRP sheets to repair beam–column connec-
tions, the efficiency of beam–column connection depending on
%As in the beam is investigated using the ready-made program
ANSYS.
2. Materials and methodology
Generally, the behavior of reinforced concrete structures is defi-
nitely nonlinear because of many factors, such as (1) nonlinear
material behavior of concrete and steel and their interaction
between bond and dowel action, (2) nonlinear material behav-
ior of concrete and steel and their interaction between bond
and dowel action, and (3) cracking of concrete. In dealing with
these problems, researchers have used an analytical setting of
several nonlinear solutions by using the ANSYS program.
Table 1 – Beam–column connection materials properties.
Concrete properties Steel and CFRP properties
Concrete elastic modulus (Ec) = 21019N/mm2 Steel elastic modulus (Es) =200,000 N/mm2
Concrete Poisson’s ratio (υc) =0.2 Steel Poisson’s ratio (υs) =0.3
Compressive strength (Fcu) =25 Yield stress (high grade) (MPa) =415
Open shear-coefficient =0.3 Yield stress (mild grade) (MPa) =250
Closed shear-coefficient =0.9 CFRP sheet EX (MPa) =73000
Uniaxial cracking stress (MPa) =3.13 Yield stress CFRP sheet (MPa) =3400
Uniaxial crushing stress (MPa) =20 –
Table 2 – Reinforcement of the beams within 4 groups.
No Group A
(2T16 B)
Group B
(2T12 B)
Group C
(2T10 B)
Group D
(2T8 B)
1 2T16 T 2T12T 2T10T 2T10T
2 2T20T 2T16T 2T16T 2T12T
3 2T25Ta 2T20Ta 2T20Ta 2T16T
4 – 2T25Ta 2T25Ta 2T20Ta
5 – – – 2T25Ta
B: bottom reinforcement; T: top reinforcement.
a Section over reinforcement.
Fig. 9 – CFRP sheet.
Fig. 10 – Schematic view of reinforced concrete section, stress, and strain (ECP, 2005)
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Fig. 11 – Cracks pattern of beam–column connection without/with CFRP.
Fig. 12 – Stress in steel for analyzed connection without/with CFRP.
Fig. 13 – Stress in concrete for analyzed connection without/with CFRP.
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2.1. Concrete element model
Concrete is a brittle material and has different behaviors in
compression and tension. Concrete element is modeled as solid
65 in the ANSYS program. Solid 65 has eight nodes and each
node has three translation degrees of freedom in x, y, and z
directions (Fig. 1). Fig. 2 illustrates amulti-linear isotropic stress–
strain curve for concrete model (ACI, 1997).
2.2. Steel reinforcement element model
Link180 is a 3-D spar (Fig. 3) that is useful in a variety of en-
gineering applications to simulate the tension/compression only
options, and a nonlinear iterative solution approach is neces-
sary according to Fig. 4.The following are the basic assumptions
and restrictions for using Link180 element: element is assumed
to be straight bar, axially loaded at its ends and of uniform prop-
erties from end to end, the length and the cross-sectional area
must be greater than zero, and the displacement shape func-
tion includes a uniform stress in the element.
2.3. CFRP shell element model
Shell 181 is suitable for analyzing thin to moderately thick shell
structures. It is a four-node element with six degrees of freedom
at each node .Translations in the x, y, and z directions, and ro-
tations about the x, y, and z-axes, are shown in Fig. 5.
Fig. 14 – Load deflection curves for connection without
CFRP, CFRP.
Fig. 15 – Cracks pattern for group A under and over RFT.
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3. Description of basic model
The model consists of cantilever beam (200 × 200 mm) with a
length of 600 mm and column of 200 × 200 mm, and with a
height 1500 mm (Fig. 6).The finite elements mesh of the beam–
column connection has a size of 25 mm, and the number of
nodes is 13062 and element 14610. In Fig. 7, beam–column con-
nection, the top and bottom support, was molded in such a
way that a hinge support, where a single line of nodes on the
bottom edge of the beam was given constraint in the Ux, Uy,
and Uz directions, is applied as constant values of zero. The
used data for using materials are shown in Table 1.
For analyzed cantilever beam–column connection without
CFRP, the main RFT area in the cantilever beam is 2T16 at
bottom compression, 2T16 at top tension, and stirrups are ϕ
6/120 mm, and the main RFT on the column is 4T12 and stir-
rups ϕ 6/150 mm, as shown in Fig. 8. For analyzed cantilever
beam–column connection with CFRP, CFRP materials
ts = 0.285 mmwith 3 layers on angles 0, 90, 0° have, respectively,
Fig. 16 – Cracks pattern for group B under and over RFT.
Table 3 – Values of deflections at failure in groups A, B, C and D.
Connection no. A1 A2 B3 B4 C1 C4 D1 D4
Maximum deflections at failure δmax (mm) (NO CFRP) 0.569 0.69 1.82 0.564 2.7 1.178 1.156 0.82
Maximum deflections at failure δmax (mm) (CFRP) 0.136 0.132 0.806 0.136 0.59 0.121 0.544 0.287
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a density of 2.6g/cm2 and total weight of 75gm/cm2, as shown
in Fig. 9.
Secondary cases have been classified depending on %Ast and
%Asb to study the effect of CFRP sheets in all cases. The clas-
sified groups for both %Ast and %Asb in the cantilever beam are
shown in Table 2. Using the first principal equation from Eq.
(1) to Eq. (6), these equations function in a concrete stress block
in compression zone (a), as shown in Fig. 10 (ECP, 2005).
Asb: total bottom steel in cantilever beam (Asb).
Ast: total top steel in cantilever beam (Ast).
C T∑ ∑= (1)
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A f
A fCU
C
St S
S Y
S
∗ ∗
+ ∗ =
∗
γ γ (3)
0 4466 20 200
402 415
1 15
600 402
480 402 50 0
2.
.
∗ ∗ ∗ −
∗
− ∗
⎛⎝ ⎞⎠
− ∗ ∗ =
a a
(4)
a c= ∗0 8. (5)
C
fb Y
=
+( )
600
600 1 15.
(6)
fcu : compressive strength of concrete. As: main steel in
tension zone.
a : compression block of concrete. fy : yield strength of
steel.
γ C : strength reduction factor of concrete (1.5). Cb: neutral
axis at balanced failure.
γ S : strength reduction factor of steel (1.15). ASt : second-
ary steel in compression zone.
Fig. 17 – Cracks pattern for group C under and over RFT.
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4. Results
4.1. Effect of using CFRP on beam–column connection
for A1
For beam–column connection without and with CFRP, refer-
ring to Fig. 11, the first crack was a flexural crack at the end of
the cantilever in the region of maximum moment by increas-
ing the applied load step, and other flexural cracks increased,
and some shear cracks appearednear the top of cantilever beam,
so the CFRP sheetwas used to retrofit the connection. For beam–
column connection with CFRP, the cracks close to the column
disappeared because the CFRP sheet had stiffness that is more
than concrete and decreased the cracks. Referring to Figs. 12
and 13, respectively, for connectionwithout CFRP, themaximum
tension stress in the top steel and concrete is at maximum
moment. In contrast to the beam–columnconnectionwithCFRP,
the maximum tension stress exists at end length of CFRP. Re-
ferring to Fig. 14, for the load deflection for connection with
CFRP, the connection had load capacity more than the con-
nectionwithout CFRP, but the connectionwith CFRP decreased
the deflection up to 80%, depending on the %As at the top and
bottom of the cantilever beam.
Fig. 18 – Cracks pattern for group D under and over RFT.
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4.2. Effect of using CFRP sheets for beam connection
section under or over FRT
4.2.1. Crack patterns
The first crack was a flexural crack at the end of the cantile-
ver in the region of maximum moment by increasing the
applied load step, and other flexural cracks increased and
some shear cracks appeared near the top of cantilever beam,
so the CFRP sheet was used to retrofit connection. For beam–
column connection with CFRP, the cracks close to the column
disappeared because the CFRP sheet had stiffness that is
more than concrete and decreased the cracks under the
RFT section, as shown in A2, B1, and C1. But over the RFT
section, some cracks appear after the CFRP area because
the brittle failure produces some local cracks at the end of
cantilever under concentrated load in the concrete section as
shown in the groups A3, C4, and D4 (Figs. 15–18). Table 3
shows the values of deflections at failure in groups A, B, C
and D.
4.2.2. Load deflection curves
Load deflection curves from Figs. 19–22 illustrate the effect of
using CFRP sheet for each group to decrease deflection and in-
crease load capacity for each case.The slopes of load deflection
curve in groups A and B for connection using the CFRP sheet
are the same because %As in the section are high, but in groups
C and D for connection using CFRP there is divergence between
slopes of curves because %As in the section are small, which
allows the CFRP sheet to resist greater proportion of load until
the section comes over RFT.
Fig. 19 – Load deflection curve for group A with and without CFRP.
Fig. 20 – Load deflection curve for group B with and without CFRP.
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4.2.3. Failure load and CFRP stress
Increasing %Ast in cantilever beam for groups A and B in-
creased failure load capacity, so stress in CFRP sheet was
increased, referring to Fig. 23; otherwise, increasing %Ast for
groups C and D increased load capacity, but stress in CFRP sheet
decreased when the section is over RFT because of brittle failure,
referring to Fig. 24.
4.2.4. CFRP stress and %As top steel RFT
Maximum stress values for the beam–column connection with
CFRP sheet appear when the reinforced ratio (%As) in the
section is small. And the CFRP stress decreases by increasing
%As at the top of the section until the section will be over RFT,
where that the effect of CFRP sheet is very small referring to
Fig. 25 (groups C and D). Proportions between CFRP stresses
were small because most of the stress was carried by top steel,
referring to Fig. 26 (groups A and B).
4.2.5. Failure load and % top steel RFT
For each group (A, B, C, and D) in the same %As, the top failure
capacity of the section with CFRP sheet is more than the section
without CFRP if the section is under RFT, and the difference
between values decreases if %As in the section was over RFT,
referring to Fig. 27. But CFRP sheet did not have an effect in
failure load if the section was over RFT because of brittle failure,
referring to Fig. 28.
4.2.6. Improvement of CFRP and %As top steel RFT in section
Finally the results for each group (A, B, C, and D) can be sum-
marized in Fig. 29. The maximum effects of CFRP sheet were
Fig. 21 – Load deflection curve for group C with and without CFRP.
Fig. 22 – Load deflection curve for group D with and without CFRP.
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25.8%, 22.5%, 21.8%, and 16.9% for groups A, B, C, and D re-
spectively, for each group increase of %As top and constant %As
bottom lead to decrease effect of using CFRP sheet to 6%, 12%,
2.5%, and 0 for the groups A, B, C, and D respectively, as section
near to be over RFT in groups (C and D) because bottom RFT
enhance performance from brittle to ductile failure. It proves
that using CFRP sheet did not perfect in all cases.
5. Conclusions
Based on evaluation, and on the results of previous researches
as well as the complementary analysis of results obtained from
finite element modeling of beam–column connections without
and with CFRP, several conclusions are illustrated below:
Fig. 23 – Failure load vs CFRP stress for groups A and B with CFRP.
Fig. 24 – Failure load vs CFRP stress for groups C and D with CFRP.
Fig. 25 – Failure load vs CFRP stress for groups A and B with CFRP.
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• Beam–column connections without CFRP suffer from
earlier cracks at the top end of cantilever, which leads
to earlier failure, compared to similar beam–column with
CFRP.
• Using CFRP sheet around beam–column connection in-
creased the strength of beam–column connection, improved
ultimate capacity, and decreased the cracks.
• Maximum stress on the steel and concrete in all connec-
tions without CFRP on the top face of cantilever beam occurs
close to the column because of maximum tension stress,
but max stress in all connections with CFRP sheets occurs
at a distance of 300 mm from the face of the column after
the CFRP sheet region because the stiffness of the CFRP sheet
helped with steel links and concrete to carry maximum
tension stress.
• Using CFRP sheet in connection didn’t have high effect when
%As is high because this leads to brittle failure.
• The best effect of using CFRP sheet occurs when %As in
section is small because this enhances ductile failure
behavior.
Fig. 26 – Failure load vs CFRP stress for groups C and D with CFRP.
Fig. 27 – Failure load vs As top for groups A and B without CFRP and with CFRP.
Fig. 28 – Failure load vs As top for groups C and D without CFRP and with CFRP.
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